aBstract: An analysis is presented of changes in the parameters of ice phenomena on selected Polish lakes over the years 1961-2010 against the background of variations in the intensity of the North Atlantic Oscillation. The following features were analysed: the start and end of ice phenomena and ice cover, their duration, and the stability of ice cover at observation sites of the Institute of Meteorology and Water Management on lakes located in various physical-geographic regions. Multi-year tendencies of change in the ice parameters under study were identified. The most statistically significant negative trends were observed for the ending dates of ice phenomena and their duration. Changes in the ice characteristics in the different NAO DJFM stages were determined on the basis of their deviations: between years with high (> 1.7) and low (< -1.09) values of the winter NAO index, and from average values from the years 1961-2010. Changes in the intensity of the North Atlantic Oscillation affect all the parameters of ice phenomena except their starting dates. In a negative NAO DJFM stage, ice phenomena and ice cover end later and last longer; also, the maximum thickness of ice cover is greater, its forms later and is more stable than in a positive stage and in average conditions.
Introduction
A characteristic feature of lakes of the temperate zone is the occurrence of ice phenomena, or the presence of any form of ice in water (frazil, shoreline ice, floe, ice cover). Of the greatest significance for the operation of lakes in the winter half-year is a compact ice cover, which isolates water masses from external factors. It totally eliminates the effect of wind with its generation of waves and currents, and substantially reduces or excludes solar radiation (depending on the ice structure and the presence/absence of a snow layer). This in consequence may lead to serious oxygen deficits dangerous to aquatic organismsso-called winter anoxia (Choiński, Ptak 2012) . Besides, lake ice is treated as an indicator of global climate change (Marszelewski, Skowron 2006) . Lake ice has long been a subject of many studies (Clifton 1875 , Grześ 1974 , Pasławski 1982 , Gór-niak, Pękala 2001 , Skowron 2003 , and other) which largely focus on dates of its occurrence and an assessment of the causes. The most substantial body of information about
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ice phenomena on Poland's lakes can be found in Skowron (2011 Skowron ( ), where 1976 Skowron ( -2005 data are presented for 57 lakes.
There are three kinds of interlocking factors controlling the occurrence of ice phenomena: climatic conditions (inflow and stagnation time of different air masses), lake parameters (area, mean depth, exposure index), and human impact (inflow of wastewater, discharges of heated water). The last two factors are individual in nature and can result in different conditions of the appearance and duration of ice even in the case of close-lying lakes. They modify the first, climatic factor, which creates similar conditions of ice formation at a regional scale. Thus, an analysis of lacustrine ice phenomena requires as close an examination of those factors as possible, especially if they tend to change under the influence of macro-scale types of circulation, among which the North Atlantic Oscillation (NAO) is of particular significance in Poland.
The North Atlantic Oscillation is a bipolar type of atmospheric circulation with centres over Iceland and the Azores. The period when a big difference in pressure between the Azores High and the Icelandic Low can be observed is termed a positive stage of NAO DJFM . This macro-scale type of circulation plays a very important, climate-forming role also in Poland (Marsz, Żmudzka 1999 , Marsz 2001 . It has been found to have a strong effect on the increase in temperature in the cold season of the year (Marsz, Styszyńska 2001 , kożuchowski, Degirmendžić 2002 , Niedźwiedź 2002 , Przybylak et al. 2003 on radiation and humidity conditions (Bryś, Bryś 2002) , on precipitation conditions (Styszyńska 2001 , Wibig 2001 , and on the duration and thickness of snow cover (Falarz 2007 , Bednorz 2009 ). There have been many studies documenting the effect of the North Atlantic Oscillation on the ice regimes of rivers and lakes. In the years with a positive NAO DJFM index, ice cover disappears from rivers and lakes markedly earlier in northern Europe (yoo, D'Odorico 2002) , in the Alpine region (livingstone 1997 (livingstone , livingstone, Dokulil 2001 , and in Poland (Girjatowicz 2003 , Marszelewski, Skowron 2006 , Choiński et al. 2009 ).
This article presents the characteristics of ice phenomena for three lakes in south-western, central and north-eastern parts of Poland (Fig. 1) , their multi-year tendencies of change, and the relation with NAO DJFM in the period 1961-2010, so far not analysed for Polish lakes.
Source materials and the study objects
The choice of lakes was dictated by the availability of information about ice phenomena collected and published by the Institute of Meteorology and Water Management (IMGW) in its Hydrological Yearbooks until the year 1983, and later archived in the Central Hydrological Database. Use was also made of Hurrell's winter NAO DJFM index (Hurrell 1995) 1 . The IMGW observation network has been reorganised many times over the years, regrettably producing a lot of gaps in the data. As a result, the longest observation series concerns the lakes Sławskie, Gopło and rajgrodzkie. The distance between the water bodies that are farthest apart exceeds 500 km. The basic characteristics of the study objects are listed in Table 1 .
Methods
Out of the many methods employed to detect changes in the time series of hydrometeorological variables (radziejewski, kundzewicz 2002) To find the dependence of ice characteristics on the intensity of the North Atlantic Oscillation, Pearson's linear correlation coefficient (r) was calculated.
Coefficients of correlation between standardised variables of ice phenomena (z ij ), and Hurrell's winter NAO DJFM index (z ik ) were calculated. An assessment of the statistical significance of the correlation coefficients was performed with the help of t statistic: t statistics has Student's distribution with n-2 degrees of freedom.
Changes in the ice parameters of the studied lakes in the different NAO DJFM stages were determined on the basis of differences between the values of those features in the given stages and between them and the mean figures from the years 1961-2010.
The means of the ice parameters were calculated for years with high (> 1.7) and low (< -1.09) values of the winter NAO DJFM index. The statistical significance of those differences were examined using the t test for independent samples. Tested each time was the hypothesis H 0 :μ 1 = μ 2 about the equality of expected values against H 1 :μ 1 ≠ μ 2 . The rejection of the hypothesis allows a conclusion about significant differences in the mean values of ice parameters observed in the different NAO DJFM stages. T statistic has Student's distribution with n 1 +n 2 -2 degrees of freedom:
where is equal to: S X1-X2
where n 1 , n 2 -size of samples, S 1 2 , S 2 2 -sample variances, X 1 -X 2 -means from a sample.
Results and discussion
The analysis embraced the start and end of ice phenomena and ice cover, their duration, maximum ice cover and the date of its appearance (recorded since 1971), and ice cover stability (the number of days with ice cover against the number of days between the first and last day with ice cover) ( Table 2) .
When examining all the ice parameters, one can note differences largely determined by the location of the lakes in question. The differences between the mean parameters of Gopło are slight, unlike Lake Rajgrodzkie, where one can observe a later decay of ice cover and ice phenomena, the greatest thickness of ice, a longer duration of ice cover, and its greatest stability. What differentiates this water body from the other lakes is a later starting date of ice phenomena and ice cover, despite its location in the north-eastern part of Poland with its more continental climate, viz. more severe and longer winters. The reasons should be sought in the morphometric properties of Lake rajgrodzkie. Its volume much exceeds those of the other two lakes, its mean depth is greater, and its exposure index smaller. One of the characteristic features of lakes is their great capacity to accumulate energy which is then released to the environment at different rates. Large and deep lakes emit warmth much longer than shallower ones (Choiński 2007) . As has been observed by Marszelewski and Skowron (2009) , in shallower lakes ice phenomena may appear even up to 10 days earlier than in deep lakes situated nearby (because of the latter's greater warmth reserves).
In Lake Rajgrodzkie, the greater water mass capable of absorbing larger amounts of solar energy in the warm half-year releases it longer when it passes into the stage of autumn homothermy, which detains the appearance of inverse winter stratification and ice phenomena. The analysis of multi-year tendencies of change in the values of ice parameters of the three lakes was based on the results of linear regression and the Mann-kendall test (Table 3) .
The dates of the start of ice phenomena and the appearance of ice cover do not vary greatly. While on Gopło and lake rajgrodzkie they appear ever earlier and on lake Sławskie ever later, those changes are not statistically significant. More significant tendencies can be observed in the case of the end of ice phenomena and ice cover: on all the lakes their disappearance takes place ever earlier. lakes Sławskie and Gopło show negative trends in the ending dates of ice phenomena; they are even statistically significant (p < 0.05). Also statistically significant (p < 0.05) are the trends in the dates of ice-cover decline on Gopło and rajgrodzkie (Fig. 2, Table 3 ).
The ever earlier dates of ice decay also cause the duration of ice phenomena and ice cover to show a downward tendency, but it is statistically significant only in the case of the duration of ice phenomena on lake Sławskie (Fig. 3, Table 3 ).
Over the study period, the ice-cover stability index also tended to go down, but a statistically significant downward trend (p < 0.05) in this parameter can only be observed on lake Gopło (Table 3) .
The maximum thickness of ice cover on the lakes under study also displays a downward tendency, and for Lake Rajgrodzkie this is a statistically significant trend (p < 0.05). Statistically insignificant, in turn, are changes in the dates when the maximum thickness occurs, even though in the case of lakes Gopło and rajgrodzkie it can be seen to appear ever earlier.
Among the chief factors controlling the date of occurrence of ice phenomena are weather conditions in the winter season. In Poland those conditions largely depend on the intensity of a macro-scale type of circulation like the North Atlantic Oscillation. Hence an analysis was made of the correlation between the ice parameters under study and NAO intensity in winter (Table 4) .
The calculated coefficients show strong, statistically significant correlations among the examined changes. In all the three lakes they concern the ending dates of ice phenomena and ice cover, their duration, and the maximum ice-cover thickness (p < 0.001). Negative trends can also be observed in the date of ice cover attaining its maximum thickness and in its stability index (p < 0.05). It is only in the case of the date of occurrence of the maximum ice-cover thickness on lake Gopło and ice-cover stability on lake rajgrodzkie that the observed negative trends are statistically insignificant.
The correlation between the ice parameters and the intensity of NAO DJFM is corroborated by changes in those parameters in the different NAO DJFM stages, and between the stages and the average conditions from the years 1961-2010 (Table 5 ). The differences are relatively minor in the case of the starting dates of ice phenomena and ice cover. Ice phenomena begin earlier, just under 10 days, in a negative NAO DJFM stage, and ice cover appears just under 2 days earlier than in its positive stage. However, the differences are marked (and highly significant statistically, p < 0.001) in the ending dates of ice phenomena and ice cover: on all the lakes under study, in a negative NAO DJFM stage they come more than a month later (Table 5 ).
The differences in the ending dates of ice phenomena in the different NAO DJFM stages are slighter and statistically less significant when seen against the average conditions. In a negative stage, ice phenomena end up to 20 days later than on average on lake Gopło. The observed differences are even statistically significant (p < 0.05). In a positive stage, in turn, the ending dates are markedly earlier than under the average conditions, about 20 days again, and also statistically significant (p < 0.05).
Very wide differences can also be observed in the duration of ice in the different NAO DJFM stages. The greatest concern lakes Sławskie and Gopło, covered by ice 2 months longer in a negative than in a positive stage (p < 0.001). In turn, in a negative stage ice cover lasts on those lakes a month longer than the average for the years 1961-2010 (p < 0.05). And inversely, ice cover lasts a month shorter than on average in the years of great NAO DJFM intensity (p < 0.01). Smaller, but also statistically significant differences can be observed on lake rajgrodzkie, located in north-eastern Po- 1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2005 2009 Beginning End 1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2005 2009 Beginning End day of hydrological year day of hydrological year 
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land. Between the different NAO DJFM stages, the difference in ice-cover duration amounts to about 40 days (p < 0.01). In a negative stage ice cover lasts 20 days longer than on average (p < 0.05), and in a positive stage, 21 days shorter than on average (p < 0.05).
In a negative NAO DJFM stage, the maximum ice-cover thickness is from 12 cm (lake Sławsk-ie) to 21 cm (Lake Rajgrodzkie) greater than in a positive stage, and its stability index is 22% and 3% higher, respectively. In turn, the date of appearance of the maximum ice-cover thickness comes some 20 days later on lakes Sławskie and rajgrodzkie and about 6 days later on Gopło.
Changes in the intensity of the North Atlantic
Oscillation affect all the ice parameters except the starting dates. In a negative NAO DJFM stage, ice phenomena and ice cover end later and last longer, the maximum thickness of ice cover is greater, its date of occurrence is later, and the stability index higher than in a positive stage and under the average conditions.
The results obtained corroborate the finding of various analyses carried out so far (for different time intervals) concerning the pattern of ice phenomena in lakes of this part of Europe (Magnuson et al. 2000 , yoo, D'Odorico 2002 , karetnikov, Naumenko 2008 . Also with reference to lakes in other 1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 Fig . 3 . Tendencies of change in the duration of ice cover Focusing on lakes located in Poland, Marszelewski and Skowron (2005) analysed the pattern of ice phenomena for six of them in the years 1961-2000. Among their findings was that the 
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duration of ice phenomena had shortened over this period and that the thickness of ice cover had decreased. Similar relations between ice parameters and NAO to those obtained in the present study were established by Girjatowicz (2003) for the coastal lakes on the southern shore of the Baltic. When examining four of them on the basis of the 1960-2000 data, he found that the relations between the NAO index and the start of ice phenomena were weaker than between the index and their end.
In a detailed analysis of the mean values of ice characteristics of lakes Sławskie and Gopło, the results obtained were compared against those for the multi-year period 1961 -2005 (Marszelewski, Skowron 2009 ). With data for a longer observation time , it was demonstrated, among other things, that the duration of ice cover had shortened over that time by 1.3 days in the case of lake Sławskie and 4.1 days for Gopło.
Conclusions
The analysis of the ice parameters of the three selected lakes on the Polish Plain in the years 1961-2010 presented in the article usually reveals them to show a downward tendency. While changes in the date of the appearance of ice phenomena and ice cover are slight, those in the dates of their decay are substantial and often statistically significant. As a result, also the duration of ice phenomena and ice cover displays a downward trend. The thickness of ice cover and its stability tend to diminish as well. The ice regime of lakes is controlled not only by climatic conditions, but also by individual features of the lakes. An example is the date of the appearance of ice phenomena, which was the latest in the easternmost-lying lake rajgrodzkie, located in an area with the most strongly pronounced continental features of the climate. However, its basin also has the greatest capacity among the analysed water bodies. Therefore it takes longer for the larger amount of warmth it has accumulated to be released to the environment, and this means a later date of the appearance of ice on it.
The research has demonstrated, in the tests performed, that the ice parameters of the lakes are significantly affected by changes in the intensity of NAO DJFM . In its negative stage, ice phenomena and ice cover disappear markedly later, can persist even two months longer, and the ice-cover stability is greater. Interestingly enough, with an increase in the continentality of the climate, which is the case of Lake Rajgrodzkie, the NAO stage-dependent differences in its ice characteristics are smaller than on the other lakes.
In view of the observed changes, climatic variations and their hydrological consequences, further studies of the ice regime of the lakes seem necessary and promise to be interesting. They should focus, e.g., on spatial differences in the changes in their ice parameters as connected with the intensity of macro-scale types of atmospheric circulation and individual characteristics of the lakes.
